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Abstract

Screening of wheat genotypes containing suitable candidate genes for salt tolerance is an essential step in stress-breeding.
This study aimed to determine genetic variation, and screen salt-tolerant genotypes using morphological and molecular
markers as selection criteria. In this study, 44 genotypes of wheat were screened at the seedling stage by hydroponic culture.
The treatments included a control (1 dSm™"), and low (9 dSm™"), moderate (12 dSm™") and high (15 dSm™) salinity stresses.
Moreover, these genotypes were subjected to marker-assisted selection using 15 salt tolerance related gene-linked simple
sequence repeats (SSRs). The total salt stress response indices (TSSRI) categorized wheat genotypes into four groups; toler-
ant, moderately tolerant, moderately susceptible, and susceptible. TSSRI and principal component analysis (PCA) revealed
that Akbar was the most salt-tolerant wheat genotype, followed by Barigom-20, Barigom-22, BW-1284, BW-1262, BW-
1237, and Barigom-24. It was evident that the growth of most of the genotypes was significantly inhibited by salt treatment.
The tolerant genotypes, however, had to face a lower reduction in morphological parameters. The highest value (0.7127)
of polymorphism information content (PIC) was shown by the marker Xwmec17. UPGMA dendrogram showed a clear dif-
ferentiation of 43 wheat genotypes into seven major clusters considering genetic similarity. Cluster-I consisted of twelve
genotypes, seven of which were found salt-tolerant, cluster-VI was composed of seven genotypes, of which four emerged as
salt-tolerant, and Cluster-VII accommodated three genotypes all of which were tolerant based on TSSRI. On the contrary,
seven genotypes in Cluster-II, and five in Cluster-III were found salt-susceptible according to phenotypic assessment at
the seedling stage. In conclusion, considering the morphological characterization and molecular markers response, Akbar,
Barigom-20, Barigom-22, BW-1284, and BW-1262 are identified as tolerant genotypes. Therefore, these screened genotypes
could be utilized as valuable genetic resources in wheat breeding for salinity tolerance research.
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Introduction

Wheat (Triticum aestivum L.) is a staple cereal crop of the
Poaceae family (Shewry 2009), which is utilized as food
for about 35% world population (Hussain et al. 2015) and
cultivated in Bangladesh as the second most economically
valuable food crop. The population in the globe is pre-
dicted to be extended by 9.6 billion in the next 30 years
(DESA 2015), therefore, the world's food supply needs to
be enhanced by at least 70% by this time to ensure food
security. Bangladesh has been able to produce only 1.0
million tons (Mt) of wheat from 0.40 million hectares
(Mha) of land against the national demand of 3.0-3.5 Mt
annually (BARI 2010). Moreover, global warming-induced
climate change has increased the saline-prone regimes in
Bangladesh and severely affected the yield of even the
high-yielding wheat cultivars (Siddiqui et al. 2017

Salinity caused an agro-economic impact by affecting
vast amounts of arable land and reducing crop growth
and productivity (Mbarki et al. 2018; Ahmad et al. 2019).
Munns and Tester (2008) and Osman et al. (2020) previ-
ously reported that more than 800 Mha of global soils are
seriously affected by salinity. Furthermore, over 45 Mha
of irrigated lands are negatively influenced by salt stress-
related problems worldwide and approximately 50% of
farming land could be salt-affected by 2050 (Shrivastava
and Kumar 2015). Hence, soil salinity is a major obsta-
cle to crop cultivation and sustainable agriculture. About
1.51 Mha of agricultural fields in Bangladesh are severely
affected by varying degrees of salinity which continuously
threatens the present cropping ecosystem (SRDI 2010).
These saline-prone coastal areas of Bangladesh could be
a potential source of cultivable lands which remain fallow
during most of the part of the year. Thus, it is essential to
develop salt-tolerant and high-yielding varieties that can
maintain agricultural sustainability in satisfying the end-
less yearning for food (Al-Ashkar et al. 2020).

Response of wheat to salt stress is a multiplex phe-
nomenon that closely involves changes in several morpho-
physiological characteristics and different biochemical
pathways. Wheat plants are generally salt-sensitive and
extremely vulnerable to salinity throughout all develop-
mental stages, especially at seedling stages (Munns 2002;
Badridze et al. 2009; Ahmad et al. 2013). Furthermore,
salinity stress severely hampers plant growth by creating
water deficiency and Na* ion toxicity (Ashraf and Foolad
2007; Acosta-Motos et al. 2017; Ismail and Horie 2017).
The plant tries to prevent the salt-induced adverse effects
by antioxidants production, accumulation of organic
osmolytes, ion exclusion, and changes in mineral and
nutrients uptake (Ismail and Horie 2017; Rahneshan et al.
2018).
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Our understanding of morpho-physiological mechanisms
of plant response to salt-induced stress to successfully isolate
the salt-tolerant cultivars is limited and needs further deepened
for the development of salt-tolerant cultivars. Several pheno-
typic traits have been previously used as selection criteria to
determine the most appropriate candidate genotypes for the
identification of salt-tolerant varieties (Negrao et al. 2017).
Field level screening is extremely difficult and laborious due to
soil heterogeneity and environmental factors that may interfere
with the normal physiological processes. However, screening
through hydroponic culture conditions in the laboratory is con-
sidered to be more advantageous than screening in the field
(Munns et al. 2006). Many researchers examined large-scale
wheat genotypes for salt tolerance in a hydroponic medium at
the seedling stage (Shahzad et al. 2012; Ahmad et al. 2013;
Hussain et al. 2015; Haque et al. 2020).

Besides morpho-physiological study, molecular marker
application is fruitful for different genetic studies, molecular
marker-assisted selection, quantitative trait loci (QTL) map-
ping, assessing genetic variability, and screening of candi-
date genotypes for stress tolerance. Simple sequence repeat
(SSR) markers are the most important for the genomic study
and are extensively used because of their significant advan-
tages as they are multi-allelic, highly polymorphic, accu-
rate, informative and impartial. Moreover, SSR markers are
highly abundant and locus-specific and speedy, cost-friendly
than other molecular markers; redundant and distributed
widely across the genome; co-dominant and high-throughput
in nature (Powell et al. 1996; Chen et al. 2012; Singh et al.
2018). Therefore, SSR markers are applied widely for diver-
sity analysis for selecting stress-tolerant lines and varieties.
SSRs are tools of choice in genetics and molecular breeding
applications and biotechnological research.

It has been used in several previous studies and reported
to be very informative and highly capable to distinguish
between wheat genotypes for salinity tolerance (Shahzad
et al. 2012; Ahmad et al. 2013; Elshafei et al. 2019; Al-
Ashkar et al. 2020; Haque et al. 2020). Since precise phe-
notyping is a prerequisite for determining the potential
candidate salt-tolerant wheat, a combined approach of pho-
nemics and genomics is essential to ensure the development
of salinity-tolerant wheat varieties. The current investigation
screened 44 wheat genotypes at seedling stages for salt toler-
ance by a combination of morpho-physiological traits and
SSR marker-based characterization.

Materials and methods
Phenotyping wheat seedlings

There were 44 wheat genotypes used in the current inves-
tigation of which 5 genotypes were landraces, 9 genotypes
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were high yielding varieties and the remaining 30 genotypes
were advanced line (Table S1). The current experiment used
a randomized complete block design replicated thrice. The
wheat genotypes are tested under four different salinity lev-
els (1,9,12,and 15 dSm'l). The hydroponic culture condi-
tions were constructed following a protocol developed by
IRRI (Gregoria et al. 1997).

The morphological screening was done in glasshouse
condition with 30/20°C day/night temperatures, and relative
humidity of 50+ 10%. For breaking seed dormancy, wheat
seeds were incubated in an oven at 50 °C for one day by fol-
lowing the procedure of Tabassum et al. (2021). Then the
seeds were kept under distilled water for 1 day, transferred
to Petri dishes (100 seeds/petri dish) and incubated at 32 °C
temperature for 2 days. The seeds, after germination (10 of
each genotype) were placed on a styrofoam sheet floating in
plastic trays of 12L (36 X27 X 34 cm) containing only tap
water and kept for 3 days. Afterward, water-soluble Peters
fertilizer (N:P:K=20:20:20, 1 g L") and ferrous sulfate
(FeS0,.7H,0, 200 mg L") were added as a source of nutri-
ents to 6-days old pre-seedlings and kept for 4 days. The pH
was checked daily by pH meter (Hanna HI 2211, Nasfalau,
Romania) to maintain at 5.1-5.2. Ten-day-old wheat seed-
lings (at 2/3 leaf stage) were exposed to salinity treatment
with the addition of crude salt which was unrefined sea-
shore salt mainly containing NaCl and some trace elements.
To detect the salt toxicity symptoms, we used the modified
standard evaluation system (SES) of IRRI twice once at 14
days and again at 21 days. (Ali et al. 2014) previously con-
cluded that the growth characteristics of rice at the seedling
stage were not significantly affected by a low salinity treat-
ment at 6 dSm™~'. We, therefore, used control (1 dSm_l),
low (9 dSm™!), moderate (12 dSm™!) and (high) 15 dSm™!
salinity treatments for wheat. The electrical conductivity
(EC) was measured using an EC meter (WTW 2FD45C,
Weilheim, Germany) and maintained with necessary adjust-
ments. Data on shoot length (SL), root length (RL), shoot
fresh weight (SFW), and root fresh weight (RFW) was meas-
ured after 21 days of salinization. Moreover, the fresh roots
and shoots of each seedling were dried for two days at 80
°C to determine the shoot dry weight (SDW) and root dry
weight (RDW).

SSR marker-based genotyping

Twenty-one days old young green leaves of wheat were
stored at —20 °C immediately after collection. DNA was
extracted from leaf samples following the modified Cetyl
Trimethyl Ammonium Bromide (CTAB) method (Zidani
et al. 2005). DNA quality was checked by using a Nanodrop
spectrophotometer (Nanodrop- ND One UV-vis Spectropho-
tometer, Thermo Scientific, Waltham, USA). The concentra-
tion of DNA was measured using OD values at 260/280 nm

and 260/230 nm and diluted to approximately 50 ng uL.~! by
adding nuclease-free sterile water. Initially, fifteen SSR mark-
ers were used for the polymorphism survey (Moghaieb et al.
2011; Shahzad et al. 2012; Ahmad et al. 2013; Vaja et al.
2016; Singh et al. 2018), however, eleven markers showed
clear polymorphism out of fifteen (Table 2; Fig. S1-11).
These primers located on chromosomes 1-7 and in locus A,
B, and D, and associated with salt tolerance related genes
were used for molecular screening of 44 wheat genotypes.

The locus names of primers, sequences, correspond-
ing annealing temperatures, and allele size are enlisted in
Table S2. The polymerase chain reaction (PCR) cocktail
including 1 uL~! genomic DNA sample had a total volume
of 10 uL per reaction mixture for SSR analysis. PCR cocktail
composed of 5 uL. GoTaq® Green Master Mix that includes
Taq DNA polymerase, MgCl, dNTPs, dNTPs, and reaction
buffers (Promega Corporation, USA), 0.5 uL (10 pM) each
of forwarding and reverses primers, 3 uL nuclease-free ster-
ile water. The PCR was performed by preheating at 94 °C
for 3 min followed by 35 cycles of denaturation at 94 °C for
30 s, annealing at 55-65 °C (each primer has its annealing
temperature) for 45 s, elongation at 72 °C for 2 min and final
extension at 72 °C for 7 min using Biometra Tone Thermo-
cycler, Gottingen, Germany. The amplified PCR products
were separated by vertical electrophoresis accomplished on
an 8% polyacrylamide gel in 10 X TBE buffer. The gel was
stained with ethidium bromide (1 ug mL™") for 30 min. The
resolved bands were documented using UVP® 97-0165-
01 BioDoc-1t™ 210 UV Imaging System (Jena, Germany).
The amplified fragments’ size was estimated by distinguish-
ing their migration distance compared with the molecular
weight of 50 and 100 bp DNA ladders.

Calculations and statistical analysis

Firstly, the recorded value of six morphological parameters
was divided by the value of those particular parameters at
control (C) conditions and summed up all the estimated
values of each parameter to calculate cumulative salt stress
response indices (CSSRI). CSSRI at low salinity (LS) level
was calculated as:

SFW(LS)
RFW(C)

RFW(LS)
RFW(C)

SDW(LS)
SDW(C)

RDW(LS)

CSSRI(LS) = 3 4 BED 4 e

SL(C) RL(C)

CSSRIs at moderate salinity (MS), and high salinity (HS)
were calculated following the CSSRI (LS). Finally, the total
salt stress response indices (TSSRIs) were calculated by add-
ing the CSSRI values of the respective salinity level.

The principal component analysis (PCA) was performed
using R 3.6.3 with ‘FactoMineR’, ‘factoextra’ and ‘ggplot2’
packages. The 'corplot’ was used to visualize the correlation
coefficient and scatterplot matrix. The molecular weights
of amplified fragments were estimated using Alpha-Ease
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FC 4 software (Alpha Innotech, USA). The allele’s number,
major allele frequency, genetic diversity, and the polymor-
phism information content (PIC) were estimated through the
software, POWER MARKER 3.23 software (Liu and Muse,
2005). The marker index (MI) for individual markers is cal-
culated as the value of major allele frequencies multiplied
by the value of allele number (Powell et al. 1996). A den-
drogram was constructed employing the resultant similarity
matrice and using Sequential Agglomerative Hierarchical
Nesting (SAHN)-based unweighted pair group method of
arithmetic means (UPGMA) following NTSYSPC 2.1 soft-
ware (Rohlf, 2000).

Results

Phenotypic performance of wheat genotypes
at different salinity levels

Box and whisker plots were used to display descriptive
statistics and natural variation within phenotypic features
of wheat seedlings (Fig. 1). The values of all morphologi-
cal characteristics of seedlings had a significant decrease
due to salinity stress and a significant genetic variation
was observed among the salinity treatments for all growth-
related parameters (Fig. 1).

Salt-treated plants showed a substantial decrease in SL,
and RL, however, comparatively a higher decrease in RL
were observed than the SL under all salinity treatment con-
ditions (Fig. la, b). Contrarily, a greater reduction in SFW
was recorded in comparison with RFW (Fig. 1c, d). At the
LS level, SL, SFW, and SDW were decreased by 16.34,
53.57, and 30.23%, respectively, over control (Fig. 1a, c, e),
whereas 22.68, 31.58, and 33.33% decreased were recorded
in RL, RFW, RDW, respectively (Fig. 1). Moreover, all these
shoot and root-related parameters followed the same trend in
response to MS, and HS stresses (Fig. 1). SL and RL gradu-
ally declined under LS, MS, and HS treatment conditions in
comparison with the control treatment (Fig. 1a, b).

At MS stress, maximum SL, and RL was recorded
in BW-1147, however, SL was drastically reduced for all
wheat genotypes at HS condition and ranged between 25.08
(BW-1147) to 13.09 cm (EP-6), and had an average value
of 19.36 cm (Table S3; Fig. la, b). Moreover, in the HS
condition, RL had a sudden decline and varied from 12 (BW-
1293) to 3.40 cm (EP-46), giving an average value of 7.06
cm (Table S3; Fig. 1b). The highest values of SFW, RFW,
SDW, and RDW were found in the control condition and
the values of these traits decreased significantly with the
gradual increase of the salinity levels (Fig. 1c—f). At MS and
HS stress, the maximum SFW, and RFW were determined
in BW-1293 and EP-3, respectively (Table S3; Fig. 1c, d),
however, SFW and RFW were reduced significantly in all
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wheat genotypes, ranging from 0.47 g (BW-1293) and 0.44
g (EP-3) to 0.079 g (Barigom-32) and 0.1 g (EP-44, and
EP-48), with an average of 0.22 g and 0.19 g at HS stress
(Table S3; Fig. C, D). The mean value of SDW dropped
from 0.13 to 0.09 g as the salinity stress changed from LS
to MS (Fig. 1f). Moreover, under HS conditions, SDW was
significantly decreased for all wheat genotypes and ranged
from 0.096 g (BW-1293) to 0.04 g (Barigom-26), with an
average of 0.06 g (Table S3; Fig. 1d). The mean value of
RDW at MS was recorded at 0.03, however, no significant
difference was found in the case of RDW mean value at HS
conditions (Fig. 1f).

Correlation analysis among the morphological traits
and treatments

The degree of association among the traits was determined
by their correlation coefficients. Pearson correlation analysis
revealed a significant relationship among observed seedling
traits (Fig. 2). Overall, shoot and root-related traits showed
positive and significant correlations among all traits at the
P<0.001 level. However, at LS and HS treatments, SL
exhibited a positively significant correlation with all mor-
phological traits except RFW whereas RL was significantly
correlated with SFW, SDW, and RDW under all salinity
levels (P<0.001). Moreover, a significant (P<0.001) cor-
relation was found between SFW with RFW, SDW, and
RDW under C and HS conditions. Furthermore, RFW was
significantly correlated with SDW and RDW at a P<0.001
level in response to C and HS stress. SDW was significantly
(P<0.05) correlated with RDW at all four salinity condi-
tions. Interestingly, no significant correlation was found
between SL and RFW under all salinity conditions except
control, whereas at MS salinity conditions non-signification
correlation showed by RL with SFW (Fig. 2).

TSSRI and PCA-based screening for salt-tolerance

All the examined genotypes were classified into four
response groups following TSSRI in which 11 genotypes
were identified as susceptible, 12 genotypes were found as
moderately susceptible, 11 genotypes appeared to be mod-
erately tolerant, and 10 genotypes were considered tolerant
(Table 1).

TSSRI values ranged from 6.85 for genotype Barigom-30
which was identified as the most salt-susceptible to 17.55 for
Akbar, the most salt-tolerant genotype. The ten genotypes
belonging to the tolerant group are Akbar, Pavon-76, EP-
11, Barigom-20, Barigom-22, BW-1284, EP-37, BW-1262,
BW-1237, and Barigom-24. Besides, the moderately tolerant
eleven genotypes are EP-46, Triticale, EP-13, EP-3, EP-6,
EP-31, EP-33, EP-15, EP-27, EP-35, and EP-44. On the
contrary, the moderately susceptible genotypes are EP-17,
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Fig.1 Box and whisker plots showing the descriptive statistics and
natural variation of seedlings’ morphological traits. (A) shoot length,
cm, (B) root length, cm, (C) shoot fresh weight, g, (D) root fresh
weight, g, (E) Shoot dry weight, g, (F) root dry weight, g under con-
trol (C), low salinity (LS), moderate salinity (LS), high salinity (HS)
stress conditions. The Whisker, lower limit of the box represents the
Q1 (first quartile/25th percentile) which displays the first 25% of data
distribution whereas the whisker upper limit of the box represents the

EP-29, Sonalika, EP-20, BW-1295, Binagom-1, EP-41, EP-
39, BW-1194, EP-22, Barigom-26, and BW-1274. Finally,
EP-48, BW-1147, Barigom-25, EP-25, Barigom-28, BW-
1278, Kanchan, EP-9, EP-32, BW-1293, and Barigom-30
genotypes are included in the susceptible group.

The PCA was used to discriminate the potential salt-tol-
erant genotypes by estimating the principal components of
recorded morphological characters in all the salt-exposed
genotypes (Fig. 3). The distinguished morphological
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distribution and the length of the box represents IQR (interquartile
range/25th to 75th percentile), which displays 25 to 75% of the data
distribution. The horizontal line and red circle within the box indicate
the median value for that particular trait. Descriptive line(s) on the
boxes indicate a significant difference at P<0.05 by Games-Howell
pairwise test

loadings in principal component one (PC1) and principal
component two (PC2) are compared to investigate the con-
tributors of the principal components. The PCA individual
plot was used to dissect all genotypes into four response
categories: tolerant, moderately tolerant, moderately sus-
ceptible, and susceptible based on the distribution of the
genotypes into two principal components, PC1 and PC2 that
defined the majority of data variability (Fig. 3).
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Fig.2 Scatter plot, a correlation matrix of the studied morphological
traits of all studied wheat genotypes grown under control and differ-
ent salinity stress conditions. In the upper panel, red and blue boxes
indicate positive and negative correlations, respectively, with increas-
ing color intensity reflecting a higher coefficient. The diagonal panel
indicates the distribution histogram of correlated traits. The lower

panel indicates a scatter plot and trend-line of the correlated traits.
* *% and *** indicate significance at P<0.05, P<0.01 and P<0.001.
Shoot length (SL), root length (RL), shoot fresh weight (SFW), root
fresh weight (RFW), shoot dry weight (SDW), and root dry weight
(RDW)

Table 1 Screening based on
total salt stress response indices
(TSSRI) values of measured
phenotypic parameters after

21 days of salinization at the
seedling stage
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MS MT

T

EP-48 (9.02)
BW-1147 (8.99)
Barigom-25 (8.76)
EP-25 (8.30)
Barigom-28 (8.26)
BW-1278 (8.11)
Kanchan (7.93)
EP-9 (7.87)
Barigom-32 (7.44)
BW-1293 (6.93)
Barigom-30 (6.85)

11 genotypes(25%)

EP-17 (10.89) EP-46 (13.18)

EP-29 (10.75) Triticale (12.76)
Sonalika (10.72) EP-13 (12.76)
EP-20 (10.48) EP-3 (12.69)
BW-1295 (10.46) EP-6 (12.42)

Binagom-1 (10.42)
EP-41 (10.29)
EP-39 (10.12)
BW-1194 (9.85)
EP-22 (9.60)

Barigom-26 (9.45)
BW-1274 (9.05)

12 genotypes(27.27%)

EP-31 (12.16)
EP-33 (11.78)
EP-15 (11.32)
EP-27 (11.13)
EP-35 (11.13)
EP-44 (11.11)

11 genotypes(25%)

Akbar (17.55)
Pavon-76 (16.18)
EP-11 (16.09)
Barigom-20 (15.01)
Barigom-22 (14.74)
BW-1284 (14.62)
EP-37 (13.96)
BW-1262 (13.83)
BW-1237 (13.60)
Barigom-24 (13.25)

10 genotypes (22.72%)

Susceptible, S (6.85-9.02), moderate susceptible, MS (9.03-10.89), moderate tolerant, MT (10.90-13.18),

tolerant, T (13.19-17.55)
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Under LS level, the PC1 and PC2 accounted for 16.1
and 67% of data variability, respectively as they comprised
83.1% of data variability (Fig. 3a). Here, nine genotypes,
Barigom-24, Barigom-22, Triticale, BW-1147, Barigom-20,
Akbar, Barigom-25, BW-1237, and BW-1194 are considered
salt-tolerant; eight genotypes as moderate salt-tolerant; four-
teen genotypes appeared as moderate salt-susceptible; thir-
teen genotypes as salt-susceptible, respectively (Fig. 3a). At
the MS level, the PC1 and PC2 represented 58.9% (PC1) and
14.4% (PC2) and collectively 73.3% data variation (Fig. 3b).
At this stress condition, eight genotypes, EP-3, EP-6, BW-
1293, Barigom-24, Triticale, Akbar, BW-1295, and BW-1284
clustered together as salt-tolerant; eleven genotypes as mod-
erate salt-tolerant; eleven genotypes as moderate susceptible;
fourteen genotypes as salt-susceptible (Fig. 3b).

However, at HS conditions, cumulatively 77.2% of data
variability was accounted for by PC1 and PC2 (Fig. 3c).
Here, six genotypes, EP-3, BW-1262, Akbar, BW-1274,
Triticale, and BW-1278 are separated as salt-tolerant, thir-
teen genotypes as moderate salt-tolerant, nine genotypes as
moderate salt-susceptible, and sixteen genotypes as salt-
susceptible (Fig. 3c). As assumed, the discrimination by
PCA revealed a decrease in the number of tolerant geno-
types with the increase of salinity levels from LS to MS
and HS (Fig. 3a—c). At the LS level, the genotypes e.g.,
Barigom-24, Barigom-22, Triticale, Barigom-20, Akbar,
and BW-1237 emerged as salt-tolerant considering both
PCA and TSSRI results together (Fig. 3a; Table 1). At the
MS level, the results of PCA and TSSRI indicated that
EP-3, EP-6, Barigom-24, Triticale, Akbar, and BW-1284
appeared as salt-tolerant. Considering PCA and TSSRI
results together, the genotypes EP-3, BW-1262, Akbar,
and Triticale appeared to have the highest salt tolerance
at the HS level (Fig. 3c; Table 1). Overall results of PCA
and TSSRI revealed that Akbar, Barigom-20, Barigom-22,
Barigom-24, BW-1237, BW-1262, and BW-1284 were
identified to be the salt-tolerant genotypes. Morphologi-
cal findings also supplemented that the genotypes identi-
fied as tolerant faced the least degrees of reduction in root
and shoot growth parameters when imposed with salin-
ity stress under a hydroponic culture (Table 1; Fig. 3).
Barigom-20 and BW-1262, among the identified tolerant
genotypes (Table 1; Fig. 3), had higher values of all phe-
notypic parameters; Akbar and Barigom-24 had higher val-
ues of all measured morphological traits except SL; and
Barigom-22 and BW-1284 had higher values of SL, RL,
SFW, and SFW at LS stress in comparison with control.
At MS conditions, Akbar, Barigom-20, Barigom-24, BW-
1237, and BW-1284 showed greater RL as compared to the
control (Table S3). Furthermore, at HS stress, Barigom-20,
BW-1237, and BW-1284 showed higher SL as compared to
control conditions whereas Barigom-22 and BW-1262 had
greater REW (Table S3).

Molecular screening for salt-tolerant wheat
genotypes

Genetic diversity of SSR molecular markers

The genotypic data were evaluated to observe the genetic
diversity among the studied wheat genotypes and iden-
tify the potential salt-tolerant candidate genotypes. The
proper polymorphic amplicons generated by 11 SSR mark-
ers (among 15 SSR markers) showed differences among
the tested genotypes. The marker, Xgwm455, amplified
the amplicons of the lowest size (120 bp), and the high-
est amplicon size(458 bp) was found with the marker,
Xgmc661. Alleles produced by eleven tested SSRs effi-
ciently produced consistent, well-resolved, and reproduc-
ible alleles that had very clear allelic patterns in 44 stud-
ied wheat genotypes (Fig. S1-11). A total of 45 alleles
were produced by eleven polymorphic SSR markers and
the number of microsatellite alleles ranged from 2.00 for
Xbarc 45 to 7.00 for Xgwm?296 where the average alleles
per locus were found at 4.09 (Table 2). The investigated
primers produced an average of 1.27 unusual alleles, while
the tested primers produced an average of 1.09 null alleles
(Table 2).

The major allelic frequencies of the eleven marker loci
were found to range from 0.2955 for Xwmc17 to 0.8409
for Xbarc45 (Table 2). The highest (0.7562) gene diver-
sity, among the loci, was found in locus Xwmc17 and the
lowest (0.2676) was in loci Xbarc45 having a mean diver-
sity of 0.5604. It appeared that markers that detected the
lower number of alleles had concomitant lower gene diver-
sity than the markers detecting the more alleles revealing
higher gene diversity. The PIC was estimated for measuring
genetic diversity. The loci polymorphism was considered
high at the PIC value above 0.5 (Vaiman et al. 1994). PIC
values of the markers in this study ranged from 0.2318 to
0.7127 giving an average of 0.4967 (Table 2). Xwmcl7
gave the highest PIC, and the lowest PIC value was found in
Xbarc45 (Table 2). The PIC value of 5 markers (Xgwm296,
Xwmc44, Xgwm249, Xwmcl7, and Xwmc149) was above
0.5 (Table 2). The examined markers displayed an average
relatively high PIC value. This fact proves that the markers
used were highly polymorphic. The MI was highest for the
marker Xgwm296 and Xwmc149 (3.18), and lowest for the
marker Xwmc17 (1.48). The higher values of PIC and MI
together suggest that the primers applied in this study are
efficient in distinguishing the genotypes for salt tolerance.

UPGMA-based genetic similarity and cluster analysis
Nei’s (1973) genetic distance-based UPGMA dendrogram

showed a clear differentiation among forty-three wheat gen-
otypes and grouped the genotypes into seven major clusters
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Table2 Summary statistics of 11 SSR markers found among 44 wheat genotypes
Markers Amplicon Allele number Rare allele Null allele Major allele Gene diversity PIC MI
size(bp) frequency
Xgwm?296 130-250 7 3 1 0.4545 0.7128 0.6760 3.18
Xgwm314 100-200 4 2 1 0.4773 0.5630 0.4666 1.91
Xgwm455 120-180 3 1 2 0.5000 0.5413 0.4361 1.50
Xwmc44 242-432 5 1 - 0.5000 0.6725 0.6299 2.50
Xwmc169 167-245 3 1 1 0.6818 0.4473 0.3656 2.05
Xwmcl70 230-450 3 1 1 0.5682 0.5093 0.4007 1.70
Xwmce661 226-458 4 1 1 0.6591 0.5103 0.4612 2.64
Xbarc45 180-220 2 0 - 0.8409 0.2676 0.2318 1.68
Xgwm?249 130-180 4 1 2 0.5000 0.6353 0.5731 2.00
Xwmcel7 150-200 5 1 1 0.2955 0.7562 0.7127 1.48
Xwmc149 200-250 5 2 2 0.6364 0.5486 0.5097 3.18
Mean 4.09 1.27 1.09 0.5558 0.5604 0.4967 2.17
Simple sequence repeat (SSR), Polymorphic information content (PIC), Marker index (MI)
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Fig.4 Dendrogram showing clustering of 44 wheat genotypes based on UPGMA genetic similarity by 11 simple sequence repeat (SSR) markers
linked to salinity. Unweighted pair group method of arithmetic means (UPGMA), Salt-tolerant (T), Salt-susceptible (S)

(Cluster-1, -II, -III, -1V, -V, -VI, and -VII) and a single iso-
lated genotype (Fig. 4).

Cluster-I consisted of twelve genotypes, seven
(Akbar, Barigom-20, Barigom-22, BW-1284, EP-6, EP-15,
and EP-33) of which were found salt-tolerant in the morpho-
logical study based on TSSRI (Fig. 4; Table 1). Similarly,
cluster-1V included two genotypes and cluster-VII accom-
modated three genotypes of which Barigom-24, Pavon-
76, BW-1237, and EP-3 are salt-tolerant based on TSSRI
(Fig. 4; Table 1). Moreover, cluster-VI was composed of

seven genotypes of which four (EP-11, EP-35, EP-37, and
EP-44) emerged as salt-tolerant by TSSRI (Fig. 4; Table 1).
On the contrary, out of eight genotypes in both Cluster-1I
and cluster-III, seven were determined to be salt-suscepti-
ble in Cluster-II (Barigom-25, Barigom-28, Barigom-30,
Sonalika, Binagom-1, BW-1194, and BW-1293) and five
in Cluster-III (EP-17, EP-22, EP-25, EP-29, and EP-39)
according to phenotypic assessment at the seedling stage
(Fig. 4; Table 1). Moreover, three genotypes were grouped
under cluster-IV of which Kanchan and EP-9 emerged as
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salt-susceptible (Fig. 4; Table 1). Interestingly, the dendro-
gram revealed with few exceptions that the released varieties
and advanced inbred lines of BARI are grouped in clusters-I,
-1, -1V, and -VII (Fig. 4) while the accessions obtained from
CIMMYT are grouped in cluster-II, -V, and -VI (Fig. 4).
Again, the tolerant genotypes grouped in clusters -1, -1V,
-VI and -VII while the susceptible genotypes were in the
rest of the clusters.

Discussion

Salinity inhibits the plants’ cell-cycle machinery under salt-
stressed conditions, and consequences to the cellular dys-
function in cell division and differentiation finally retards
the plant growth, including wheat (De Veylder et al. 2007;
Al-Ashkar et al. 2020). Even though numerous earlier find-
ings on wheat salinity tolerance have been published around
the world, studies in Bangladesh are rarely mentioned. Thus,
it is critical to identify genetic variation among genotypes
and to identify promising salt-tolerant genotypes that can be
used as breeding candidates. The current is aimed to discern
wheat genotypes that are potential salt-tolerant and their
genetic diversity analysis based on morphological traits and
molecular marker characterization.

Screening for salt-tolerance in wheat genotypes

A significant reduction of all tested morphological param-
eters of what seedling was observed under different salin-
ity conditions (Fig. 1). The damage to the wheat seedling’s
growth might be due to the excess accumulation of Na* at
different plant parts that might have created a disruption of
water absorption, oxidative injury, and mineral imbalance
(Castillo et al. 2007; Mekawy et al. 2015; Zhang et al. 2018).

This reduction of morphological parameters had an
increase with the increment of salinity stress as the LS
stress reduced the morphological characteristics of wheat
seedlings at the early stage to a lesser degree than MS and
HS stresses (Fig. 1). Similar findings were reported in some
crop plants such as rice (Oryza sativa) (Ahmed et al. 2019;
Tabassum et al. 2021), wheat (Triticum aestivum) (Ahmad
et al. 2013), maize (Zea mays) (Masuda et al. 2021) and
barley (Hodeum vulgare) (Allel et al. 2016) under salt stress.
Our findings showed that RL was affected to a higher degree
by salinity than the SL (Fig. 1a, b; Table S3). It might be
because high salinity repressed the growth of wheat roots by
suppressing the division and elongation of root cells (Duan
et al. 2015). This result is supported by (Nakamura et al.
2021) who earlier observed that roots were more sensitive
than shoots to salinity during the seedling stage of wheat
plants. It remained unclear if the main target tissues of salt
stress lie in roots and/or shoots/leaves. Nevertheless, many
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findings showed that shoots and leaves are more sensitive
than roots (Munns and Tester 2008; Sharma 2015; Tao et al.
2021), higher sensitivity of roots than shoots (Bilkis et al.
2016; Soares et al. 2018; Bacu et al. 2020) or both the roots
and shoots are equally sensitive in wheat (Hussain et al.
2015; Hasan et al. 2017).

Most genotypes' root and shoot growth-related param-
eters were slightly lower and/or sometimes higher under LS
stress than those of the control condition (Table S3). These
findings indicate that the studied genotypes were affected
marginally at 9 dSm~! salinity level and may be capable
of reducing the salt-induced toxicity in this concentration.
Moreover, this observation suggests that the tested wheat
plants are tolerant to 9 dSm™"! salt stress at the seedling stage
which was strongly supported by SESbased visual scoring
as they score 3 in a 1-9 scoring system. A 3 score means the
seedlings showed almost normal growth with few leaf tips
or leaves whitish and rolled). Although wheat is a moder-
ately tolerant crop (Maas and Hoffman 1977), its yield could
be significantly reduced at 10 dSm™" saline soil conditions,
however, the rice plants could die in the same salinity treat-
ment conditions (Munns et al. 2006, 2008).

The correlation studies can define the nature and degree
of association between any pairs of morphological traits
grouped by treatments. All the morphological traits used
in this investigation showed highly significant correlations
among them (Fig. 2), indicating that a change in any one of
the used traits significantly changed the other traits. These
findings revealed that phenotypic features played a signifi-
cant role in determining the salt stress response under salin-
ity conditions. Therefore, these seedling traits can be used
as a selection criterion for identifying salt-tolerant wheat
genotypes. These findings are supported by many previous
reports described by (Shahzad et al. 2012; Ahmad et al.
2013; Haque et al. 2020) as they found similar kinds of cor-
relation among the tested genotypes under salinity stress.

Different salt tolerance indices were previously used
to discriminate between tolerant and sensitive wheat gen-
otypes (Genc et al. 2007; Shahzad et al. 2012). We used
TSSRI results and revealed that Akbar, Pavon-76, EP-11,
Barigom-20, Barigom-22, BW-1284, BW-1262, BW-1237,
and Barigom-24 maintained relatively higher values in
all studied root and shoot traits under salinity conditions
(Table 1; Table S3). The maintenance of higher root and
shoot traits under salinity conditions is probably due to
the ability of these genotypes to cope with salt stress and
show tolerance by the adoption of some morpho-physiolog-
ical mechanisms (Islam et al. 2009). PCA was previously
used to categorize rice (Rasel et al. 2020a), canola (Singh
et al. 2008), and corn (Wijewardana et al. 2016) for salin-
ity tolerance. It can be used to group the genotypes based
on the similarity and dissimilarity in their responses (Kim
et al., 2013; Tuhina-Khatun et al. 2015). PCA can explain
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and indicate the trait-related crucial components respon-
sible for salt tolerance between genotypes and treatments
(Tabassum et al. 2021). PCA findings showed that with the
increase in salt stress level the morphological parameters of
wheat seedlings were affected resulting in a lesser number
of tolerant genotypes at MS and HS (Fig. 1, 3). The results
obtained from TSSRI are strongly supported by PCA find-
ings, as the tolerant and susceptible genotypes were sepa-
rated, and potential salt-tolerant genotypes could be suc-
cessfully detected (Table 1; Fig. 3). Kakar et al. (2019)
conducted an experiment on rice where they proved that
the results TSSRI results agree with PCA method based
findings at seedling stage phenotyping for salt tolerance.
The findings of phenotypic observation suggested that the
tolerant genotypes may adapt some tolerance mechanism
to improve root and shoot morphology, which can help the
wheat plant survive in saline conditions. According to Kakar
et al. (2019), increased root biomass in rice (e.g., RFW and
RDW) contributes to vigorous shoot growth in salt-tolerant
genotypes, possibly through salt exclusion, controlling the
excess amount of toxic Na* uptake in the shoots (Negro et al.
2017), and thus lessening salinity injury symptoms in leaves.

Molecular screening for salt-tolerant wheat
genotypes

SSR marker-based investigation was performed to confirm
the presence of desirable candidate genes in the selected
candidates. The molecular study showed eleven SSR mark-
ers and 44 alleles in the 44 genotypes. The higher (4.09)
average alleles per locus indicate a greater genetic diversity
among the studied genotypes (Ram et al. 2007). Ali et al.
(2014) detected 58 alleles with ten SSR primers among 33
rice genotypes and (Ram et al. 2007) previously reported
4.86 alleles per locus in 33 rice genotypes by performing 25
SSR markers, which was similar to the result of the current
investigation.

The examined primers produced an average 1.09 null
allele, which failed to amplify during PCR, most likely due
to polymorphism at one or both of the primers' hybridiza-
tion sites (Dakin and Avise 2004). Genetic diversity is valu-
able as raw material in breeding for genetic improvement,
increasing the yield potential and improving desired traits
related to environmental stress tolerance (Gepts 2006). The
genetic diversity was measured in the term of PIC. The PIC
is extensively used as the measurement of each marker’s use-
fulness to distinguish one individual from another It is con-
sidered that the loci polymorphism is high, medium or low
when PIC values are greater than 0.5, between 0.5 and 0.25,
and less than 0.25, respectively (Vaiman et al. 1994). The
PIC values of the investigated markers varied from 0.2318 to
0.7127, with a mean value of 0.4967. The mean PIC values
observed in the current experiment are near 0.5 and half

of the investigated markers showed the PIC values of more
than 0.05. It was evident that the SSR markers we used were
highly polymorphic. The PIC value of the present molecular
study is higher than the PIC values described in the inves-
tigations of (Vignesh et al. 2021) and lower than the obser-
vation of (Sardouie-Nasab et al. 2013). Though it can be
argued that the use of abundant SSR markers could be more
effective to characterize and describe genotypes, our results
revealed that the use of a lesser number of markers would be
also efficient for identifying salt-tolerant genotypes.

The markers used in this study were salt tolerance-related
SSRs. Hence, clustering based on genetic similarity might
indicate the genetic potentiality of the selected genotypes
for salt tolerance. Finally, the UPGMA analysis by Pairwise
similarity coefficient values of SSR marker data classified
44 tested wheat genotypes into seven major clusters and one
isolated single genotype considering their genetic similarity
(Fig. 4).

Our molecular data are supported by the total salinity
tolerance index (TSSRI) results to determine the candidate
salt-tolerant and susceptible genotypes. Exceptionally, how-
ever, some tolerant genotypes were grouped into tolerant
clusters and some susceptible genotypes were also found in
the tolerant groups. These few exceptions might be because
the markers we used might not be enough to cover the
genomic regions where the salt-tolerant genes are probably
located to be able to explore the potential salt-tolerant geno-
types (Seetharam et al. 2009; Singh et al. 2018; Haque et al.
2020). Furthermore, it may be attributable to the molecular
diversity not reflecting the diversity at the morphological
level (Ali et al. 2014). Many previous studies have reported
SSR marker-based clustering for the description of genetic
diversity and characterization based on genetic similarity
in crop plants including wheat under salt stress (Ali et al.
2014; Rubel et al. 2014; Kordrostami et al. 2017; Elshafei
et al. 2019; Al-Ashkar et al. 2020; Huong et al. 2020; Rasel
et al. 2020b).

In conclusion, we evaluate the overall growth and genetic
diversity in wheat seedlings under different salinity treat-
ments by assessing morphological parameters and SSR
markers’ responses. The morphological findings showed
that salinity interfered with the growth and growth contrib-
uting traits and caused severe damage to the growth of the
seedlings. According to SSRI and PCA, Akbar was the most
salt-tolerant genotype followed by Barigom-20, Barigom-22,
BW-1284, BW-1262, BW-1237, and Barigom-24. These
results evidence that the tolerant genotypes showed the
lowest reduction in growth attributing traits. The highest
PIC value was observed by the marker, Xwmc17 (0.7127).
SSR marker-based characterization exhibited Akbar,
Barigom-20, Barigom-22, BW-1284, EP-6, EP-15, and EP-
33, Barigom-24, Pavon-76, BW-1237, EP-3, and BW-1262 as
salt-tolerant genotypes taking into consideration the genetic
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similarity in the dendrogram and TSSRI results. These
screened salt-tolerant wheat genotypes could be further uti-
lized in wheat breeding to develop salt-tolerant varieties.
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